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muon 1o electron conversion In a mMuonic atom
uw +N —e + N

(charged lepton flavor violation)

 Flavour Physics in Particle Physics

» Physics Motivation of Charged Lepton Flavour Violation
* Muon to electron conversion

« COMET at J-PARC

 Highly intense muon beam sources

« COMET Phase-I| (under construction)

« Summary
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Quark
transition
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Leptons
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: Neutrino
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Charged lepton
transition
not observed.







The Standard Model is
considered to be
iIncomplete.

New Physics is needed.

The Standard Model of
Particle Interactions

Three Generations of Mat,
I I II o

ccccc

Leptons Quarks
Force Carriers
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To explore new physics at high energy scale

; N A

The Intensity
Frontier

use intense beams to
observe rare processes
and study the particle

\ﬂ. ‘ | 4 “:’ g v
1
Matter/Anti-matter
Asymmetry Dark Matter
Origin of Universe

Unification of Forves

properties to probe
physics beyond the SM.

New Physics p
Beyond the Standard Mod®

Dark Energy

¥ |

Rare Decays
Flavour Physics
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Decays 7/




/\ IS the energy scale of new
physics (~mnp)

Cnp is the coupling constant.

dimension 6

New Physics could be....

very high energy scale /A with Cnp~1

olf

very small Cne with not-high energy /\




/\ IS the energy scale of new
physics (~mnp)

Cnp is the coupling constant.
dimension 6

ex: Charged lepton flavour violation (CLFV),
u—ey (B<4.2x1013 from MEG(2016))

A\ > O(10°) TeV with Cue~O(1)

olf

Cue~0(109) with A < O(1) TeV.




""" BrluAl emAl) < Tx10-19 PRISM

Energy reach of New o o ;

Physics by rare decays f P L
such as CLFV

__________________

________

___________

Af[TeV]

N> 0(10°)TeV

(Indirect search) TEE==

T
a

Lr.-ﬂ': g —

--------------- — —

e — —_—

— —

It would be strategic to
pursue rare decays
before high energy e fee—————=—
machines (100 TeV). > " b
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Why Leptons 7




Quark Sector
(SM suppressed)

SM contribution has to be subtracted.

ex. B—sy

L epton Sector
(SM forbidden)

No SM contribution be subtracted.

ex. L —ey

Uncertainty of
the SM prediction
imits the sensitivity.

Clear signature
without any
subtractions




B(p — ey) =

GIM suppression

|Z (VMmns) (VNS el

_
327 M‘%V




Quark (SM suppressed) amplitude
>~ |Asm|? + 2Re(Agmene) + len|?

| Asn + enp

subject to uncertainty of SM prediction

rate

Lepton (SM forbidden)

|Asm + exp|? N‘}&M/‘z + 2Re(ASmenp) + |ex|”

could go higher energy scale

N =x10 —> R=10"

NP contribution
~ O(e)

NP contribution
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Sensitivity to Different Muon Conversion Mechanisms //[2

MECO

Supersymmetry
Predictions at 10-1°

Compositeness

A, = 3000 TeV

Heavy Neutrinos Second Higgs

. doublet
|U uN UeN|2 = "
e 10_13 gHue =[O gHuu
Heavy Z',
Leptoquarks Anomalous Z
coupling
W M. = 3000 TeV/c?

3000 (A ghoo)'2 TeV/c? B(Z — ue) < 1017

After W. Marciano

W. Molzon, UC Irvine The MECO Experiment to Search for Coherent Conversion of Muons to Electrons September 27, 2002 3



For loop diagrams,

Physics at about 10'¢ GeV

+

3m2 + A2 Moyt
(Mm% )o1 ~ gﬂZ 9 1 V2aVisn 7 SUSY-GUT model

slepton mixing
(from RGE) - 3mi + A2 o A et SUSY neutrino
L2 gr2 | rOSYs2TIET seesaw model




SUSY model extra dimension model

B(uTi — eTi) x 1012 fitle10

1000
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Why Muons 7
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# of taus
~ O(109)/year

#ofmuons [ . %7 =g M # of muons
~O(10")/year et gt ~ O(10'%)/year




W. Altmannshofer, A.J. Buras, S. Gori, P. Paradisi and D.M. Straub

AC

RVV2

AKM

OLL

FBMSSM

]{_][J - H[J
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The pattern of measurement:
* % % large effects

* *
*

visible but small effects
unobservable effects

IS characteristic,
often uniquely so,
of a particular model

AC [10]

RVV2 [11]

AKM [12]

SLL [13]

FBMSSM
[14]

LHT [15]

GLOSSARY

RH currents & U(1) flavor
symmetry

SU(3)-flavored MSSM

RH currents & SU(3) family
symmetry

CKM-like currents
Flavor-blind MSSSM

Little Higgs with T Parity

These are a subset of a subset listed by Buras and Girrbach
MFV, CMFV, 2HDMyr, LHT, SM4, SUSY flavor. SO(10) — GUT,
—SSY(5)yn, FBMSSM, RHMFV, L-R, RS, gauge flavor,

RS [16] Warped Extra Dimensions
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First CLFV search

Pontecorvo
N 1947

imits of Branching Ra%io

Muon Michel decay
(1948)

Upper

Accelerators
producing muons

Feinberg’s u—ey
crisis (1955) :
107

Meson Factorv Era 1940 1950 1960 1970 1980 1990 2000

Year




process present limit future
U—ey <42 x 10713 ‘ MEG at PSI
u—eee <1.0x 1072 ‘ Mu3e at PSI
uN—eN (in Al) none ' Mu2e / COMET
uN—eN (in Ti) | <4.3 x A0- 10 PRISM

—ey <1.1x ' ‘ superKEKB

T—eee . ‘ <10°-10710 superKEKB
T—uy . ' <10°-10710 superKEKB
T— Ll . B |1 <109-101 KEKB/LHCb
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=lectron Conversion 7




1s state in a muonic atom Neutrino-less muon
nuclear capture

w +(A2)=e +(AZ)
@ coherent process -

&
S Q
Event Signature :

muon decay in orbit a single mono-energetic

~ C electron of 105 MeV

nuclear muon capture (1) physics backgrounds

_ (2) beam-related backgrounds
u +(A,2) =v, +(AZ-1) (3) cosmic rays, false tracking




Photonic (dipole) interaction




Beam

background

challenge

beam
Intensity

p—ey

continuous
beam

accidentals

detector
resolution

limited

u—eee

continuos
beam

accidentals

detector
resolution

limited

L-€e
conversion

pulsed
beam

beam-related

beam
background

no limitation
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R. Kitano, M. Koike and Y.
Okada, Phys. Rev. D66, 096002

<
5}
T
3
aa)
~
N
5}
T
S
aa)

dipole interaction
. scalar interaction
normalised at Al |

20 40 60
4
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normal muon decay

U-e conversion and
muon Michel decays
are well separated.

U—eee LU-& conversion

L2

52.8 I\/IeV 105 MeV
electron momentum spectrum




Intrinsic physics
backgrounds

beam-related
backgrounds

cosmic-ray and other

backgrounds

Muon decay in orbit (DIO)

Radiative muon capture (RMC)
neutrons from muon nuclear capture
Protons from muon nuclear capture

Radiative pion capture (RPC)
Beam electrons

Muon decay In flights

Neutron background
Antiproton induced background

Cosmic-ray induced background
False tracking




normal muon decay

|

i
OMET
,,,,/e

Osaka University

u-e conversion and muon Michel
decays are well separated.

energy window
—

L-€ conversion

Jor

e ————

50 8 MeV 105 MeV

electron momentum spectrum
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Signal and DIO (BR=3 x 10"

=
Counts per 0.1 MeV/c
o© o© o©
N

o
—
V]

0.1

0.08

0.06

Fraction of Muon Decay in Orbit

0.04

0.02

1071° goal IR DU D= =l RN PO B

E ! 181.5 102 102.5 103 103.5 104 104.5 105 105.5 106

i - Momentum [MeV/c]
COMET goal |um——-

Good momentum
~niolVi goal | A resolution is heeded.

100 101 102 103 104 105
electron energy (MeV)




In order to make a new-ger

eration experiment to

search for y-e co

Nversion ...

B(pN — eN) < 10710




muon stopping target

A total number of muons is the key for success.

COMET : 10" muons (past exp. 10' muons)
(note: 10"° sec=1000 years needed at PSI.)




(1) Great Wall: 1800 years

(2) Cologne Cathedral: 630 years

(3) Cathedral of Strasbourg: 300 years

(4) Great

Pyramid of Giza : 20 years
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3.5T and graph|te target

GM cryocooler

Muon Science Intense Channel (>2011)

Transport Solenoid
2.0T with 0.04T dipole field

SUS radiation shield

Proton beam line

Beam Dump

i ) {
- a— T ——
"4 1P u

h . '} = - W
> [ I‘.. . o 'V”
| | — L .
) - v .
=] [ I : ! - ==

Pt

prot0n~x1 OOO 3

PR i NI
, - %-1\_5/ W i N

¥

Time spectrum - Run 499, Cu target, By=0, GpA | h1 energy spectrum | | hist

|

" Entries 799527 st
90001 ( x %2 I ndf 222.8/191 - RMS 159 .

: BG + A = ) - =

f . BG 1599 + 6.1 Characteristi M SI Id
8000} |

I uSIC muon yields
7000k~ t Ag > 1-.\:;:( ) A2 7553 +1392.4 : G
6000+ M T - 20.2 40!

¢ T 169.1x 17.7

5000

IS/ Rl | - 3x10%/s for 400W
SR - : 1x108/s for 400W |

4000}

WO/ SN

3000

o NEER

2000}

10000 12000
Time (ns)

t . . [
0 2000 4000 6000 8000

Cu** Plastic scint.**
T (ns) 2197.03 £ 0.04 16351 2026.3+1.5

Free muon*

100 200 300 400 500 600 700
Energy [keV]

e S




Production and Collection of

Pions and Muons

Osaka University

Conventional muon beam line More efficient

proton beam

J-PARC MUSE

proton beam
-1000kW

target
raphite
0mm Capture magnets

$d70mm

——y

SuperOmega
proton beam loss 0Q:400mSr

< 5%

proton beam

MusSIC

proton beam
-0.4kW

target
graphite _
t200mm Transport solenoid

®40mm

Capture solenoid

Collect pions and muons by
3.5T solenoidal field

to a beam dump

Large solid angle & thick target




Beam-related measured
between beam
backgrounds Sulses

proton extinction = #protons between pulses/#protons in a pulse < 109

Muon DIO mprove
electron energy
background resolution
Muon DIF eliminate
energetic muons
background (>75 MeV/c)

based on the MELC proposal at Moscow Meson Factory






Cosmic Ray Veto not shown

Detector Solenoid

Production Solenoid Proton Beam

Calorimeter
Tracker

Single-event sensitivity : (2.5%£0.3)x10/
Total background : (0.36=%0.10) events
Expected limits : < 6x10'" @90%C.L.
Running time: 3 years (2x10/sec/year)




.8GeV proton beam

\

" 3T muon transport
(curved solenoids)
1{/—-
|
[
74
\.
b

o
I | . w'} F‘; f'

electron tracker
and calorimeter

muon stopping
target

ST pion
capture
solenoid

electron
ransport

Physics sensitivity : (1.0-2.6)x1017
Total background : 0.32 events
Expected limits : < 6x107"@90%CL
Running time: 1 years (2x107sec)
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The COMET Collaboration

R. Abramishvili'!, G. Adamov'!, R. Akhmetshin®3!, V. Anishchik?, M. Aoki3?
Y. Arimoto'®, I. Bagaturia!l, Y. Ban®, A. Bondar® 3! Y. Calas’, S. Canfer®®, Y. Cardenas’,
S. Chen?®, Y. E. Cheung?®, B. Chiladze®®, D. Clarke33, M. Danilov!%26, P. D. Dauncey'?,
J. David??, W. Da Silva??, C. Densham??, G. Devidze?®, P. Dornan'*, A. Drutskoy'® 26,
V. Duginov'®, L. Epshteyn®3°, P. Evtoukhovich'®, G. Fedotovich®3!, M. Finger®,
M. Finger Jr®, Y. Fujii'®, Y. Fukao'®, J-F. Genat??, E. Gillies!*, D. Grigoriev% 3% 31,
K. Gritsay'®, E. Hamada'®, R. Han'!, K. Hasegawa!'®, 1. H. Hasim®?, O. Hayashi%?,
Z. A. Ibrahim?*, Y. Igarashi'®, F. Ignatov®3!, M. lio'®, M. Ikeno'®, K. Ishibashi??,
S. Ishimoto'®, T. Itahashi®?, S. Ito®?, T. Iwami®?, X. S. Jiang?, P. Jonsson'4, V. Kalinnikov'®,
F. Kapusta??, H. Katayama®?, K. Kawagoe??, N. Kazak®, V. Kazanin%®3!, B. Khazin% 3!,
A. Khvedelidze'® 11, T. K. Ki'®, M. Koike®, G. A. Kozlov!®, B. Krikler'4, A. Kulikov'6,
E. Kulish', Y. Kuno®?, Y. Kuriyama?!, Y. Kurochkin®, A. Kurup', B. Lagrange'% 2!,
M. Lancaster?®, M. J. Lee'?, H. B. Li’>, W. G. Li%2, R. P. Litchfield®®, T. Loan??,
D. Lomidze'!, I. Lomidze'!, P. Loveridge®®, G. Macharashvili*®, Y. Makida'®, Y. Mao?,
O. Markin®, Y. Matsumoto®2, T. Mibe'®, S. Mihara'®, F. Mohamad Idris**, K. A. Mo-
hamed Kamal Azmi?*, A. Moiseenko'®, Y. Mori?', M. Moritsu®?, E. Motuk®®, Y. Nakai??,
T. Nakamoto'®, Y. Nakazawa3?, J. Nash'4, J. -Y. Nief’, M. Nioradze®®, H. Nishiguchi'®,
T. Numao®®, J. O'Dell*3, T. Ogitsu’®, K. Oishi®?, K. Okamoto?, C. Omori'®,
T. Ota3?, J. Pasternak', C. Plostinar33, V. Ponariadov?*®, A. Popov% 3!, V. Rusinov!% 26,
A. Ryzhenenkov% 3!, B. Sabirov'®, N. Saito!'®, H. Sakamoto?, P. Sarin'®, K. Sasaki'®,
A. Sato®?, J. Sato?, Y. K. Semertzidis'®> 7, D. Shemyakin® 3!, N. Shigyo??, D. Shoukavy?®,
M. Slunecka®, A. Straessner®”, D. Stockinger3”, M. Sugano'®, Y. Takubo'®, M. Tanaka!'®,
S. Tanaka??, C. V. Tao??, E. Tarkovsky'® 20, Y. Tevzadze®®, T. Thanh?’, N. D. Thong??,
-I 82 Collabora.tors J. Tojo??, M. Tomasek'®, M. Tomizawa'®, N. H. Tran®?, H. Trang®®, I. Trekov>®,

N. M. Truong??, Z. Tsamalaidze'® 't N. Tsverava'®3° T. Uchida'®, Y. Uchida'4, K. Ueno!'®,
E. Velicheva'®, A. Volkov'®, V. Vrba!®, W. A. T. Wan Abdullah?*, M. Warren®®, M. Wing>®,

37 InStItUteS, 1 5 Countrles T. S. Wong®2, C. Wu? 28, H. Yamaguchi??, A. Yamamoto'®, Y. Yang??, W. Yao?, Y. Yao?,

H. Yoshida3?, M. Yoshida'®, Y. Yoshii'®, T. Yoshioka??, Y. Yuan?, Y. Yudin® 3!, J. Zhang?,

Pl: Y KUHO Y. Zhang?, K. Zuber®”
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COMET Proton Beamline Q| cuta ey
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Main Proton Pulse

——

1Dbpfpu|se

_— Prompt Background

StoppedMuon Decay

Timing Window

?ig nal
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A lifetime of a
muonic atom in
aluminium
~ 8380 sec




high muon yield

Matching Solenoid proton target |n )
solenoidal field (~5 T)

Proton Beam :
Production Target

a long proton target
(1.5~2 interaction length)
of heavy material

Pion Capture Solenoid --"'..Ra diation Shield

C)(‘I 01 1) StOpped IJ_/SGC note: dependent on
for 50 kW prOtOﬂS solenoid field and aperture,

proton target material.




vertical shifting keep particular momentum
on bending plane

dipole magnetic fielc
to drift direction)

>

Electric field Electric field
(centrifugal force) (centrifugal force)

B (perpendicular to screen) B (perpendicular to screen)




MuZ2e

Select low
momentum
MuonNSs

J

muon
beam line

2x 90° bends

(opposite direction)

2x 90° bend
(same direction)

electron
spectrometer

straight solenoid

curved solenoid

\.
(

N

eliminate
muon decay
in flight

4 )
Selection of

100 MeV

electrons
\__ y,

4 )
eliminate protons

from nuclear muon
capture.

WV
N

eliminate low
energy events to
make the detector
quiet.




Muon Target Disks

Beam Collimator
Beam Blocker
/ (/ DIO Blocker

| ddq
W /con Target Solenoid DAL

Tracker

(# of straw stations IN vacuum under
ECAL| [Straw Tracker IS not determined) 1T magnetic field




Straw Tracker Design

iInside vacuum with 1T
more than five layers
four planes / layer
staggered by half a size
gas Ar:CoHe = 50:50

Osaka University

CAD design of the support ring

==Jp gas outlet

1T 1T 1T 1T
[INE| [
| — |

e e———————

M

=1 =] =

=]

T\

I

N

gas manifold
front-end boards

1st straw plane (x;)
2nd straw plane (xz)

3rd straw plane (y1)

4th straw plane (y2)

front-end boards
gas manifold

)OO0 00000000000¢90000000000000000¢
(0000000000000 000:00500900900000000600)
)OO0 00000000000000000000000000000¢
[0000000000000000000000000600000060600600)
[000000000000000000000000000000000000)

[000000000000000000000000000000000000)

I

optical fibre-link
feedthrough

optical fibre-link
feedthrough

signal lines
anode
feedthrough

anode
feedthrough

signal lines

12
\‘\
s

I
Il

T
jImm s

I
1 10

T T

front-end boards

signal lines

HV lines

g
)

<4— gasinlet

—J gas outlet

gas manifold
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original idea / W newly employed
doubly-wound straight adhesion

Pressure of Vacuum Vessel (gas leakage) | Deformation |

~
o

300

2}
a

(3]
TTT[TTTT[TTTT[TTTIT

250

Pressure [Pa]
Deformation [um]
& 8

200

a
o
TTTT

Y
(3]
TTTTT

150

at the centre of tube

Gas Operation F
E near the end of tube

Vacuum Build-up F

1| 1 1 1 1 [ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1
10000 15000 20000 25000 8 9 10 1
Duration [sec] Pressure in Vacuum Vessel [Pa]

Y
o
TT

100

W
[3))

(&)
o

N
a

a TTT

N
(=)
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/ R R R
- ECAL R Pt

- Energy measurement __, Gsopoondz) =
* compliment momentum measure I —

 Needed for particle ID in beam BG ¢ AR 4

- Target resolution 2-3% (at least < 5¢

» Crystal choice
+ LYSO (20x20x(120-150) mm?)

* Photon sensor
» APD readout with fast amplifier
- MPPC

* Readout
- ROESTI with different shaping time
* Digitisation using WFD

200 400 600 800 1000
Time (ns)




* Single event sensitivity

* Ny Is a number of stopping
muons in the muon stopping total protons

target. It is 2x10'® muons. muon transport efficiency
» fcap is a fraction of muon muon stopping efficiency
capture, which is 0.6 for # of stopped muons
aluminium.
 Ac Is the detector acceptance,
which is 0.04~0.08.

By~ +Al — e +Al) =26x10""Y
B(u~+Al — e + Al) <6 x 107" (90%C.L.)




Radiative Pion Capture

Beam Electrons

Muon Decay in Flight

Pion Decay in Flight

Neutron Induced

Delayed-Pion Radiative Capture
Anti-proton Induced

Muon Decay in Orbit

Radiative Muon Capture

p~ Capt. w/ n Emission

pn~ Capt. w/ Charged Part. Emission
Cosmic Ray Muons

Electrons from Cosmic Ray Muons

0.05

< 0.1%

< 0.0002
< 0.0001
0.024
0.002
0.007
0.15

< 0.001
< 0.001
< 0.001
0.002
0.002

Total

0.34

! Monte Carlo statistics limited.

beam-related prompt
backgrounds

beam-related delayed
backgrounds

INntrinsic physics
backgrounds

cosmic-ray and other
backgrounds

Expected background events are about 0.34.
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COMET Phase-| COMET Phase-ll
W@ T e

L1 L solid angle under a high solenoidal
% | T magnetic field by superconducting
% Production Production Mmaget
— Target
—y
[ S— ]

Detector Section

A detector to search for
muon-to-electron conver-
sion processes.

J QP
I i
I T ﬂﬂﬂﬂﬂﬂﬂﬂﬂWWM%

HMMMMMHMN

T

annnnnnAnnAnnn
Wb

Stopping
Target

e

A

@\\M
L

[l
-

Pion-Decay and
Muon-Transport Section

D)~
6x10° stopped muon/sec decay of plr uncer e soloc: NNNNN\®

with 3.2 kW w w ?

A section to collect muons from MMMMMFMM




detector system muon transport system

Single-event sensitivity : 3x10-1°
Total background : 0.2 events
Expected limits : < 6x10° @90%CL

Running time: 150 days




COMET Building at J-PARC NG .

Installation Yard Beam Room

5054
£}
Fim
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Cylindrical Drift Chamber Muon Stopping Target

Trigger Hodoscope

Straw Tube Tracker

TAARN




CyDet (Cylindrical Detector)

Osaka University

Superconducting coils CDC inner wall CDC outer wall CDC

CDC endplate _

Stopping target

Beam duct

Collimator \ Trigger hodoscope

Vacuum window Shielding Cryostat unit:mm Return yoke




Osaka University

SHIH
Hi |
!

INg

; gle
{completed in December

2015.




JFY

construction

COMET
Phase-| data
taking
construction
COMET
Phase-l|
= data taking I
T I
COMET Phase-| : COMET Phase-ll :
2018 ~ 2022 ~
S.E.S. ~ 3x10°1° S.E.S. ~ (1.0-2.6)x10°17

(for 150 days
with 3.2 kW proton beam)

(for 2x107 sec
with 56 kW proton beam)
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U+ N(Z) —2et + N*(Z-2)

Lepton number violation (LNV)

—h
o
lll

signal signature

events / channel (0.5 MeV)
1 l

backgrounds

positrons from photon conversion

after radiative muon/pion nuclear

capture uw” +Ti—e’ + Ca(gs)
uw~ +Ti—e" + Ca(ex)
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U+ €& —e + e

* y'e"—e"e has two-body final
state, although pt—efete is a 3-
body decay.

e * A muonium CLFV decay such as

ute-—ete’ is a 2-body decay

having a larger phase space, but
the overwrap of y* and e is small.

The overwrap between u- and e is proportional to Z3. For Z=82 (Pb), the
overwrap increases by a factor of 5x10° over the muonium. The rate is

-1 0_1 7 t -1 0_1 8 week ending
O . PRL 105, 121601 (2010) PHYSICAL REVIEW LETTERS 17 SEPTEMBER 2010

New Process for Charged Lepton Flavor Violation Searches: 4 ¢~ — e e~ in a Muonic Atom

ese University of Tokyo, Kashiwa 277-8582, Japan
March 2010; published 15 September 2010)







® Reduce pions and other background particles In
a muon beam

® Reduce energy spread of a muon beam



allows a thinner

muon stopping
target

decelerate fast muons (coming earlier) and accelerate slow muons
(coming late) by RF with a narrow proton beam.

pure muon beam (pion< 10-2)




{IS[\/‘ h. = Osaka University

PRIME
detector

MW beam

Detector Solenoid

Spectrometer Sclenocid

momentum slit J

PRISM-FFAG
muon storage ring

extract kickers

J
Muon Storage Ring
(Phase Rotator) matching section
PR|SM curved solenoid
beamllne Picn Production (Short)

Target

pulsed horns

SC solenoid /
Injection kickers




Osaka University

s ; - g P . - -
‘ b . . * > m M 1 QQ L)
g\ s o U s s Lo sl |- — o
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* Flavor Physics at Intensity Frontier, in
particular CLFV, would give the best
opportunity to search for BSM.
* Muon to electron conversion could be one
of the important CLFV processes.
« COMET Phase-l is aiming at S.E.
sensitivity of 3x10-1°.
» The construction of the beam line
started at KEK in 2013.
* The measurement will start in early
2018-2019.
« COMET (Phase-ll) at J-PARC is aiming at
S.E. sensitivity of (1.0-2.6)x10-". It will
follow immediately after Phase-l.
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